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ABSTRACT 
Deformation mechanism maps have been developed and Include 
various theoretical models characterizing the peculiar creep de- 
formation properties of zirconium. The "Mixed Glide and Diffusion 
Control" model (explaining the anomalous stress dependence of 
zirconium) developed by Ardell and Sherby explains the behavior 
of the low temperature o - (h. c. p.) phase adequately. Diffi- 
culties encountered in trying to incorporate models explaining 
the plateau in the yield stress versus temperature curve are dis- 
cussed. Temperatures above the a - e phase transformation have 
been included in the maps; the properties of the 6 - (b. c. c.) 
phase pose difficulties due to its anomalous self-diffusion be- 
havior. Due to the lack of literature on the mechanical properties 
of 3 - zirconium, the maps were developed on the assumption that 
its behavior is similar to "normal" b. c. c. metals. Constant - 
stress, compressive creep tests were conducted from 900°C to 1200°C 
over the stress range of 2.7 MPa to 31.0 MPa to test the validity of 
the map for e - zirconium; similarly, comparison is made between 
predicted creep rate values and those observed 1n a number of 
previously published experimental studies. Finally, a description 
is given of initial approaches to the incorporation of Irradiation 
creep effects in the map. 
1. INTRODUCTION 
Zirconium and Its alloys are commonly used as fuel cladding 
materials in light water and boiling water reactors. Similarly, 
zirconium and its alloys are used as structural members In the 
reactor core and in the pirimary steam generation equipment. In 
any of these applications the material Is bound to undergo Inelas- 
tic deformation under the complex stress history and hostile en- 
vironment of a reactor. 
Although zirconium has been used for a considerable time, 
there exists no adequate understanding of its mechanical properties. 
A general overview of the creep properties of alpha zirconium has 
been presented by Knorr and Notis [1]. However, some of the Im- 
portant peculiarities of zirconium do not appear on the initial 
deformation maps originated by Knorr and Notis. Therefore, high 
temperature properties cannot be predicted from extrapolated data 
with sufficient accuracy. Also, difficulties are encountered, such 
as the a-+B transformation at 862°C which makes extrapolation erron- 
eous. At lower temperatures zirconium is thought to deform by a 
mixed glide and climb mechanism [2] which does not seem to found 
in most materials. Thus titanium which is structurally similar to 
zirconium shows "normal" low temperature behavior while zirconium 
does not. Also, in the temperature range of 300°C to 800°C a 
plateau in the yield strength versus temperature curve 1s observed. 
There are a number of different models proposed to explain this 
plateau.    Heritler et al. [3] believe it to be related to an ather- 
mal plastic flow mechanism, while Miller and Sherby [4] have offer- 
ed a reasonable explanation based completely on a thermally acti- 
vated approach. 
This thesis attempts to Incorporate the peculiar deformation 
behavior of zirconium into a general model.   Although there 1s 
sufficient creep data in the literature for alpha-zirconium no 
creep data exist for beta-zirconium.    Prediction of the creep prop- 
erties of beta-zirconium from extrapolated data on alpha-zirconium 
is difficult because of the presence of a phase transformation and 
because of the unusual deformation behavior of the alpha-phase. 
The purpose of this thesis is, therefore, to develop an extensive 
computer modeling or "deformation mapping" approach that will pro- 
vide a more reasonable means for the extrapolation and prediction 
of the creep behavior of this material.    The validity of this ap- 
proach is confirmed through the comparison of the theoretically 
predicted and experimentally measured creep behavior of beta- 
zirconium. 
2.    DEFORMATION MECHANISMS - A GENERAL APPROACH 
The application of dislocation and rate theories to the study 
of the continuing plastic deformation of materials subjected to a 
constant load (or constant stress) is probably the main reason for 
the considerable progress that has been made over the recent past 
in this field. It has led to the formulation of rate equations 
for the physical mechanisms that take place In materials. Because 
of the great versatility of dislocations and the numerous Interac- 
tions they may undertake with one another and with vacancies and 
grain boundaries, a number of different mechanisms can control 
creep. These mechanisms can be classified as "Ser1esw (concurrent) 
or "Parallel" (sequential) depending on whether they operate Inde- 
pendently of one another or not. These processes when added to- 
gether account for the experimental deformation obtained within a 
reasonable degree of accuracy. 
The contribution of each mechanism depends on the nature of 
the simultaneous processes. Two or more processes taking place 
simultaneously can operate either in parallel or in series. For 
example, diffusional creep can take place by volume or boundary 
diffusion^and each can operate independently of the other. The 
observed rate is therefore: 
r = ^ + r2 (2.1) 
These are considered as series processes. On the other hand, 
simultaneous processes may be interdependent. For example, a dis- 
location may have to over come several obstacles (solute particles, 
forest dislocations, internal stress fields) before it produces 
macroscopic strain due to glide. Also, the activation energy will 
be altered due to interactions between the various processes. 
However, in the Ideal case in which the time spent at each obstacle 
1s Independent of the presence of other obstacles, the total time 
required for a dislocation to travel a certain large distance Is 
the sum of all the waiting times at the various obstacles. In such 
an ideal case, the reciprocal strain rate is the sum of the Indi- 
vidual rates: 
1/r = 1/^ + l/r2 (2.2) 
These are considered as parallel processes.    It 1s clear from the 
above that the strain rate produced when two or more processes In- 
teract in this manner is dependent upon the slowest step 1n the 
process.    The strain rate in a series process 1s dependent upon 
the most rapid step in the process. 
For each mechanism there is usually a strain-rate equation. 
In its simplest form it is: 
e = f(a, T, Structure) (2.3) 
where 
e = Strain-rate* 
a = Applied stress 
T = Temperature under consideration 
* 
Strains and strain rates in this equation are tensile, the 
corresponding shear terms may be found from relations of the 
form y = *^3~ e. 
a mathematical relationship which gives us the strain-rate as a 
function of stress, temperature, and structure.    There are a number 
of structural parameters such as grain size, solute or precipitate 
concentration, dislocation density, crystal class, type of bonding, 
etc., so that the complete form of the equation may look like: 
e = f(o, T, S}t S2,  S3 ) (2.4) 
If a convenient, simplified form of the above equation 1s 
needed, it usually becomes necessary to make assumptions. Thus, 
to have a relationship between e, o, and T, the internal structure 
needs simplification. In order to do this, one needs to make one 
of the following assumptions. 
a. Steady-State Flow: This assumes that structural para- 
meters, such as dislocation density, no longer appear in the rate 
equation explicitly. They take on unique values determined by the 
conditions of stress and temperature. In effect, we are setting: 
dS = dS2 = dS3  =0 (2.5) 
and solving for S-j, S2, S3 il» terms of a and T. 
b. A Constant Internal Structure: This assumes that struc- 
tural parameters, such as dislocation density, grain size, etc., 
are assumed constant, so that equation (2.4) reduces to: 
e = f(o,T) (2.6) 
This requires that the parameters S-j, S~, S,  be known or 
specified. 
Generally, according to Frost and Ashby [5], high temperature 
deformation is described by the steady state formulation, and low 
temperature deformation is commonly characterized by constant in- 
ternal structure. In fact, a steady state deformation is rarely 
measured at low temperatures because of work hardening effects. 
3. DEFORMATION IN NORMAL SOLIDS 
It has now been firmly established that creep of crystalline 
solids occurs as a result of thermally activated migration of dis- 
locations, grain boundary shearing and diffusion of vacancies. 
Because of the great versatility of dislocations and the numerous 
interactions they may undergo with one another, with additional 
lattice defects and various substructural details, a number of 
different mechanisms can control creep. At low temperatures, be- 
cause the dislocations are not sufficiently activated, only the 
lowest energy barriers are crossed. As they pass over these, the 
dislocations are met by higher energy barriers which Impede their 
motion. Consequently, low temperature creep is characterized by 
a decreasing creep rate. / At sufficiently high stresses, disloca- 
tions may surmount most barriers and may glide through the lattice. 
At somewhat higher temperatures, the dislocations are suffic- 
iently stimulated to overcome the low energy barriers more fre- 
quently. At this stage, a larger apparent Initial creep strain Is 
observed for the same applied stress level. Also. If the temper- 
ature Is greater than about ^2, creep continues to take place 
despite the fact that the gliding dislocations have been arrested. 
The reason for this being that it is above 1^/2 that diffusion 
first becomes appreciable. Dislocations now acquire a new degree 
of freedom such that edge components of dislocations are no longer 
confined to glide exclusively on their original slip planes and 
may climb to new planes. This is normally known to occur at fairly 
high stresses and high temperatures (above 0.5 T»). 
If the applied stress is relatively low, each dislocation Is 
not able to move as a "unit" and creep 1s generally believed to be 
due to a stress-directed atom migration process. This type of 
deformation is known as diffusional creep.  (For example, Nabarro- 
Herring [6] and Coble [7] creep.) 
The above are the commonly known modes of plastic deformation. 
These processes are independent and distinguishable from each other. 
Some of the other processes of plastic flow include: (1) deforma- 
tion by twinning, (ii) athermal flow at low temperatures, and (111) 
radiation creep in reactor environments. 
These processes are known to occur in most metals, but are 
Ashby [8] has recently shown that Identical creep equations can 
be derived using grain boundary dislocation models rather than 
the traditional stress-directed vacancy flow picture. 
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extremely elusive when one attempts to quantitatively model them 
with a reasonable degree of accuracy. 
Although an In-depth study of each of the creep mechanisms Is 
beyond the scope of this thesis, a short paragraph on the salient 
features of each 1s needed In order to look at them 1n a better 
perspective. 
a.    Nabarro-Herring Creep 
This type of creep results from the diffusion of vacancies 
through the bulk lattice from regions of high chemical potential 
at grain boundaries subjected to normal  tensile stresses to regions 
of lower chemical  potential at grain boundaries in compression. 
Atom migration in the opposite direction accounts for the creep 
strain. 
Mathematically, the steady-state creep (strain) rate due to 
Nabarro-Herring [6] creep is given by: 
13.3 Dyfla 
*NH =      KT d* (3J) 
where 
a   = applied stress 
Dy = lattice diffusion coefficient 
n    = atomic volume 
d   = grain size 
K   = Boltzmann's constant 
T   = absolute temperature 
In addition to yielding a linear relation between creep-rate 
and stress, the Nabarro-Herring model predicts that the steady 
state creep rate should be inversely proportional to the square of 
the grain diameter.    Thus, a fine grain size specimen will creep 
faster than a coarse grain sample.    Also, it has been established 
that this creep mechanism is valid only at low stresses where mo- 
tion of dislocation is restricted and at temperatures greater than 
about 0.6 TV. - 0.7 T». 
b.    Coble Creep 
If the temperature is lower than approximately 0.6 T^ - 0.7 Ty 
grain boundary diffusion is likely to dominate over lattice diffu- 
sion. The atoms will no longer move through the bulk of the lat- 
tice; instead, shorter, faster paths through the grain boundaries 
will be preferred. For Coble creep [7] the strain rate is given by: 
47.5n(Db-W)o 
ec = KTlP (3*2) 
where D^W is the product of the grain boundary diffusion coeffic- 
ient and the effective grain boundary width, respectively. 
In actuality, diffusional flow is not quite as simple as de- 
scribed above.    The equations for Coble [7] and Nabarro-Herring [6] 
creep are over-simplifications in that they neglect the kinetics 
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Involved in detaching the vacancies from grain boundary sites and 
reattachlng them again. This Interface Is pictured as a perfect 
source or sink for vacancies and the possibility of Interface con- 
trol Is not Included In the model. Although more recent work [9] 
has treated this problem, the simple more classical approaches are 
considered sufficiently accurate for the present research. 
c. Dislocation Climb 
The most generally accepted "semi-empirical" equation describ- 
ing dislocation plastic flow controlled by climb is that developed 
by Mukherjee, Bird, and Dorn [10]: 
ADyjjb a  n 
e =  Kj  (ii) (3.3) 
where 
A = Dorn parameter* 
y = temperature dependent shear modulus 
b = Burger's vector 
n = stress exponent 
Dv = volume diffusion coefficient. 
The value of 'n* has been found to vary from 2 to 8 for most pure 
metals [11]. A broad correlation between V and A for a wide 
variety of materials has been noted by Stocker and Ashby [11]. 
For the Shear equation, Frost and Ashby [5] have shown that 
A(Shear) = (/J)n*TA(tens11e). 
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The above equation Is applicable in the stress range 
0 < a/v  < 10  and holds for a wide variety of materials but It 
1s not altogether satisfactory. No theoretical model can convin- 
cingly explain the observed values of V and the large values of 
the dimension!ess constant A. This suggests that some Important 
physical quantity (subgraln size or stacking fault energy, for 
example) is missing from the equation (3.3) in the form presented 
here. Again, more formal equations, each assuming a specific dis- 
location geometry or interaction are available In the literature 
[12,13]. These were, however, not thought to be significantly 
more accurate for the purpose of the present work, especially 
since little or no information is available in the literature 
concerning dislocation structure and dynamics in Zr (I.e., good 
electron microscope studies are lacking). 
Finally, Frost and Ashby [5] have recently shown that the 
diffusion term in equation (3.3) should be replaced by an effective 
diffusion term that includes the diffusion contribution due to 
diffusion along dislocation pipes at lower temperature. Thus, they 
suggest an equation of the form: 
Deff = DV 
1
 
+
 -&r \v)   TT 
where 
A^ = cross-sectional area of the dislocation core 
12 
(3.5) 
Dc = core diffusion coefficient 
Dy « lattice diffusion coefficient 
u = temperature dependent shear modulus. 
Considering the unusually large lattice diffusion observed 
for Zr [14] it is likely that the pipe diffusion contribution Is 
suppressed for this material and may be ignored, at least as a 
first order effect. 
d,.    Dislocation Glide 
Flow by pure dislocation glide can be further subdivided on 
the basis of the type of resistance encountered In the solid: 
-l.    GLLdz Limited by a. Lattice. ReA-litance. 
This type of glide is commonly referred to as "Peierls" 
Stress and is due to the dislocation's interaction with the atomic 
structure itself.    In effect, the crystal lattice presents an array 
of infinitely long straight barriers to the motion of the disloca- 
tion, the dislocation advances by forming kink pairs which subse- 
quently spread apart [15].    The rate equation based on this model 
is 
e = ep(jj)2exp {- ^f [1   - (a/Tp)p]q} (3.6) 
where 
AFK = Helmholtz free energy of an Isolated pair of kinks 
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T = flow stress at 0°K 
e = constant with dimensions of strain rate 
/*' 
Frost and Ashby [5] have demonstrated that the above equation 
is extremely sensitive to the values of p and q, and they have 
calculated several sets of values for p and q (Figure 3-1). Al- 
though these contours do not overlap exactly, the shapes are simi- 
lar, and they could be made to overlap well if the parameters cp, 
AFK, and T were appropriately adjusted. 
The values of AF» (typically 0.1 to lyb3) and T (typically 
3      1 10"° to 10 y) which reflect the values of the Interatomic forces 
are determined experimentally. The slope of the constant strain- 
rate contour shown in Figure 3-1 determines the value of AFK 
whereas the value of T is obtained by the intercept of the con- 
tour oh  the Y-axis. The pre-exponential contains a factor of 
stress squared, representing the variation of mobile dislocation 
density with stress. If one were to be more accurate, the varia- 
tion of the steady state kink density with stress should be con- 
sidered rather than the variation of mobile dislocation density. 
However, the problem is only partly resolved [16] due to a lack 
of experimental data, which prevents the treatment of the pre- 
exponential stress power as an adjustable parameter. Frost and 
Ashby [5] have shown that changing the power terms does not sub- 
stantially change the maps, although a change in the value of I 
would be required. In this present work, however, with the stress- 
15 
squared pre-exponential the value of I   ■ lO^/sec has been used. 
U..    Glide, limited by Vl&cAvte. Obstacle. 
The discrete obstacles normally encountered are other dislo- 
cations, solutes, precipitates and grain boundaries.    The glide 
controlled flow rate limited by discrete obstacles also appears 
as an exponential function of stress [5,16,17]: 
e = e0 exp [- § (1  - £)] (3.7) 
where 
i 
TQ = flow stress In the absence of thermal activation 
(= Y-, where   fc= mean obstacle spacing) 
AF = total free energy required to overcome an obstacle 
without aid from external  stress; it depends on 
the obstacle strength 
lQ = constant with dimensions of strain-rate. 
The values of AF (typically 0.1 to lub3) and TQ can be obtained 
experimentally as described before for p=l and q = l. Assuming 
these values for p and q Implies that the obstacles are box-shaped 
and regularly spaced [16]. However, the influence on the shape 
of the strain-rate contours is not great and Is, therefore, suffi- 
ciently accurate for the present research. Neglecting the pre- 
exponential stress dependence also has little effect as shown 
16 
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earlier, and in this work eQ ■ 106/sec has been used. 
UJL.    Gtidz Limited by Vhonon on. OtheA Vnag 
This mechanism of deformation is known to occur under condi- 
tions of explosive or shock loading. It, therefore, leads to large 
strain-rates and is limited by the interaction of a moving dislo- 
cation with electrons and phonons [18]. Although this mechanism 
has not been included in the maps for zirconium, another drag 
mechanism [19], due to solute atoms and Involving lower strain 
rates has been considered. This will be discussed 1n detail later, 
in this chapter. 
e. Defect!ess Flow 
Loosely, this may be defined as the flow of a material when 
the ideal shear strength is exceeded. The ideal shear strength 
is the stress level above which flow of a defect-free crystal be- 
comes catastrophic. Thus, 
y  = » when o > T theoretical (3.8) 
and 
■y = 0 when a < T theoretical (3.9) 
For b.c.c. metals, the theoretical shear strength 1s approximately 
0.11y as determined by MacKenzie [20] and for f.c.c. metals 1t 1s 
0.6y [20]. 
17 
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The above mechanisms are the ones that have been established 
and are known to occur In most metals.    These are the mechanisms 
that would be included in a "normal" map.    However, zirconium 
behaves abnormally (to be discussed 1n next section), therefore, 
the map for zirconium has to be modified and would look appropri- 
ately different.    In addition to those mechanisms that should 
specifically be added for zirconium, a survey of the literature 
Indicates that there are several mechanisms that could be missing: 
At low temperatures (Tjyj/2) for instance, 1t is clear that a non- 
linear athermal creep field separates the glide field from the 
Coble-creep field [21].    The temptation to include superplastlc 
flow as an independent mechanism is great, but recent work [22,23] 
indicates that superplasticity is an accelerated form of dlffuslonal 
flow.    Twinning [24] and nonlinear grain-boundary sliding are ways 
of deforming a crystal although they cannot lead to unlimited de- 
formation.    Twinning is dominant at low temperatures, typically 
below 20°K and has, therefore, been ignored in the deformation maps 
for zirconium.    Our present knowledge of these mechanisms is In- 
adequate inasmuch as it cannot provide us with a viable constitu- 
tive equation - be it theoretical or empirical. 
On the other hand, while studying the deformation properties 
of zirconium, it becomes clear that the metal behaves abnormally 
in particular ranges of stress and temperature.    Several authors 
[1,19,20,21,25] have explained these abnormalities of zirconium 
18 
on the basis of models.    In our present work we have attempted to 
Include these mechanisms wherever possible.    In general, the ab- 
normal creep behavior of zirconium 1s attributed to: 
1.    High diffusion coefficient 
ii.    Low modulus of elasticity 
11i.    o (h.c.p.) £ 0 (b.c.c.) phase transformation 
at slightly above 0.5TM 
The next section discusses the peculiarities of zirconium In 
relation to the normally expected behavior of metals of the same 
class and crystal structure. 
4.    DEFORMftTION OF-ZIRCONIUM - THE PECULIARITIES 
The variation of steady state creep rate over a wide range 
of stress for a typical metal  polycrystal  is shown in Figure 4-1 
(Burke and Sherby [30]).    The creep rate is normalized with respect 
to diffusion rate of the controlling atomic species.    The figure 
depicts three basic regions, each region having a different rela- 
tionship between steady state creep and the stress. 
I.    Low S&L&&& OLZ&P Range. 
Due to a stress directed atom-migration process, and generally 
referred to as diffusional creep.    The behavior 1s typically valid 
at stresses below which e/D equal to about 102. 
19 
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UL.    The. IrvteAmexLLcvte. Cxzzp Range 
Believed to be controlled by either dislocation climb or by 
the non-conservative motion of jogs in screw dislocations.    Most 
studies (Weertman [12], Barrett and Sherby [26] and Dorn [27]) In- 
dicate that the creep rate 1n this range 1s proportional  to the 
diffusion coefficient and is a function of elastic modulus and 
stacking fault energy.    This law, where 
& = Kan (4.1) 
is typically valid between 102 < e/D < 109, the value of 'n' (the 
stress exponent) for pure metals is usually observed to be around 
ILL.    High Stn.eA6 Oieep Range 
Two theories of creep (Weertman [28] and Barrett and Nix [29]) 
associate high stress creep with the presence of a high vacancy 
concentration. Both theories deal with dislocation as sources and 
sinks for vacancies. The general equation proposed 1s: 
e = K exp(Ba) (4.2) 
Other mechanisms, as well as empirical relations have been proposed. 
For instance, Garofalo [31] has proposed an equation of the form 
e = K (sinh Ba)n (4.3) 
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Burke and Sherby [30] have made a comparative study of the 
various creep equations with the experimental data for high purity 
aluminum.    The best correlation they observed has been with the 
Weertman equation for T>0.5TM [2,26,27,28,29,30,31].    Miller and 
Sherby [19] have shown that for T>0.5TM a modified form of 
Garofalo's equation better fits the experimental data.    High stress 
creep typically occurs when creep rates are above 109D. 
The above discussion on the steady state creep behavior demon- 
strated by most materials is to provide an analytical framework to 
compare the deviation of zirconium from typical  polycrystalUne 
metals. 
a. "High Temperature" Creep of a-Zr 
Ardell and Sherby [2] have shown that pure polycrystalUne 
zirconium does not obey the creep-rate stress law depicted above. 
Its stress dependence is such that the exponent 'n' in the power 
law relation increases with decreasing stress (Figure 4-2, [2]). 
In order to explain this, Ardell and Sherby proposed a new con- 
trolling mechanism for creep of alpha-zirconium. In the Weertman 
[12] theory of creep it is envisioned that dislocations alternately 
glide and climb. In the light of what has been said earlier, these 
would be considered as sequential-dependent (parallel) processes 
and therefore the rate controlling process will be associated with 
the slower of the two. Weertman [12] herein makes an assumption 
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that dislocation climb Is slower than dislocation glide, and de- 
rives a relation which explains the creep behavior of most pure 
metals.    In the case of zirconium, however, the opposite 1s likely 
to be true,  I.e. dislocation climb may be easier than dislocation 
glide at low stress levels due to: 
i.    High diffusion coefficient of alpha-zirconium 
(D = 10~12cm2/sec at 0.5TM as compared to 10"16 
cm2/sec for most h.c.p. metals). 
ii.    Low elastic modulus (= 4.8 x 10     dynes/cm2 at 
0.5TM). 
Both high diffusivity and low elastic modulus lead to high 
climb rates.    Thus the unusual  creep behavior of alpha-zirconium 
may be due to a glide controlled creep process.    Ardell and Sherby 
[2] have derived an equation using Gilman's [32] phenomenologlcal 
equation relating dislocation velocity to the shear stress for the 
case where dislocation mobility is limited by the nucleatlon of 
kink motion: 
e = C exp(Ba)exp {-  (QK + n/a)/RT} (4.4) 
where 
C, 6, and n are constants 
and Qj, = kink formation activation energy. 
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They considered two interpretations of their data, each re- 
quiring different values of the parameters B, C and n: 
I.    [ModeJL I).    The parameters are adjusted such that 
the equation above describes the data over the entire 
range of stress and temperature, implying that creep 
is controlled exclusively by dislocation glide 
("Exclusive Glide Control"). 
ii..    [UodzZ II).    The parameters are adjusted to allow     ' 
for the possibility that at high stresses, the steady 
state creep of alpha-zirconium is diffusion-controlled 
whereas at low stresses the steady state creep ra*e is 
glide controlled.    Here the postulation is that climb 
and glide are sequential  processes, wherein the slower 
of the two is rate controlling ("Mixed Glide and Dif- 
fusion Control"). 
Knorr and Notis [1] have developed a deformation mechanism 
map of alpha-zirconium incorporating the "Mixed Glide and Diffusion 
Control" approach.    During the course of this present study a simi- 
lar map has been developed incorporating the "Exclusive Glide Con- 
trol" approach.    Experimental data was then superimposed on both 
the maps.    Although both maps showed values that are within the 
limits allowed by experimental error, the "Mixed Diffusion and 
Glide" approach proved to be a better fit.   A plausible explanation 
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for the above is the fact that if the temperature Is greater than 
0.5 TM (or 0.5 T , where T is the a-** phase transformation temper- 
ature) and the stress Is high enough, the number of operative slip 
systems in the case of h.c.p. metals Increases, so that glide be- 
comes an easier process than climb. Another way of looking at this 
problem is to observe that, as stress 1s Increased, the value of 
'n' approaches 5.0 from 7.4 (Figure 4-2), leading to (or requiring) 
lower climb rates. 
Thus above a certain stress level, glide controlled creep 
becomes faster than diffusion controlled creep and glide 1s no 
longer rate controlling, whereas at low stresses the reverse 1s 
true. 
b. The Intermediate Temperature Region (375°C to 625°C) 
The flow behavior of alpha-zirconium has been investigated 1n 
considerable detail at low temperatures (Tyson et al. [33], Sastry 
et al. [34]) and at high "temperatures, (Bernstein [35], Ardell and 
Sherby [2]); however, the intermediate temperature region that 
includes the operating range of many zirconium based nuclear reac- 
tors lacks detailed investigation. Heritler et al. [3] and Miller 
and Sherby [4] have attempted to study this region. Both have put 
forth an explanation on the basis of phenomenology. 
Heritier et al.  [3] studied the deformation of alpha-zirconium 
between 375°G and 625°C and at strain rates from 5.0 x 10"6 to 10"1 
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per second by compression testing.    In this range of temperature 
and strain rate, they were able to distinguish three types of 
flow behavior: 
I. At low temperatures and high strain rates, the yield 
stress was almost Independent of temperature (Figure 4-3) and 
appeared to be relatively Insensitive to strain rate (Figure 4-4). 
Thexj!ejat1ve constancy of oJEQ (where o   1s the unlaxlal 
yield stress and E   the Young's Modulus) in the low temperature 
region suggests that the deformation mechanism controlling flow 1s 
an athermal one.    The explanation put forth for this 1s that 
athermal creep is associated with the Orowan stress required to 
bow out segments of the Frank network, wherein the strengthening 
effect of solute addition is an indirect one, through the disloca- 
tion density and the mean segment length. 
II. At high temperatures and low strain rates the yield stress 
is observed to be strongly sensitive to temperature and strain rate. 
This behavior (also shown in Figures 4-3 and 4-4) is characteristic 
of overcoming a particular class of short-range obstacles by a 
thermal activation process.    The mechanism   proposed herein is 
node unpinning or a solute interaction mechanism. 
III. The transition region between low temperature athermal 
flow and high temperature "thermally activated" flow exhibits a 
"bell-shaped" upward bulge In the yield stress/temperature (Figure 
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4-3)    and yield stress/strain rate plots (Figure 4-4).    Also, as 
the strain rate is increased the "bell-shaped" region is displaced 
toward higher temperatures, although the width of the bell  remains 
unchanged. 
The authors [3] attribute this type of behavior, i.e., a flow 
stress increase in the transition region, to the presence of two 
separate flow components.    First, there is a stress component 
arising from the transition from athermal  to thermally activated 
flow in the absence of impurities; secondly, there is a stress 
component attributable to the presence of dynamic strain ageing. 
Finally, these flow stress maxima are typically found only 1n 
"commercially pure" alpha-zirconium, zirconium-oxygen and zirconium- 
nitrogen alloys [3].    A decrease in the impurity content has been 
observed to decrease, and even to suppress [3] the plateau and 
"bell-shaped" flow characteristics. 
While the explanation presented by Heritier et al. to interp- 
ret the unusual behavior in the 375°C to 625°C range at first seems 
reasonable, a closer look reveals that their approach lacks a 
"single model" that can explain the abnormalities of alpha-zircon- 
ium in this temperature range.    Miller and Sherby [4]1 have attempted 
to present a "single model" approach, although the^r^work is not 
yet able to completely explain all aspects of the) behavior of alpha- 
zirconium. 
As opposed to the athermal creep approach of Heritier et al. 
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[3], Miller and Sherby [4] have tried to physically explain the ob- 
served behavior of zirconium in terms of the drag stress exerted by 
solute atoms on moving dislocations as proposed by Cotre11 [36]. 
This drag stress is relatively small at either low or high tempera- 
tures, but over some intermediate temperature regime, the speed at 
which solute atoms diffuse is of the same order of magnitude as the 
dislocation velocities, and a higher drag stress can be exerted. 
The temperature regime for strong solute drag also depends on the 
strain rate. Thus the "plateau" in the yield strength versus temp- 
erature curve (Figure 4-3) can be adequately explained and modeled 
by a completely thermally-activated approach, i.e., without re- 
course to the athermal plastic flow mechanism suggested by the 
previous investigators. 
Miller and Sherby [4] express the strain rate in terms of 
two stress components as follows: 
,1.5 
e = Be' {sinh 
L1^ + ^efJ  J 
}" (4.5) 
where 
Fso-| = stress exerted by the solute atom on moving 
dislocations 
Fdef = n''story dependent stress created by deforma- 
tion of the material 
0'     = temperature-dependent term proportional to 
exp(-QR/RT) 
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QR   = activation energy for recovery, a function of 
current stress and current level of work harden- 
ing, Fdef 
B,n = constants. 
The stress function related to solute strengthening, FSQj, as 
a function of temperature compensated strain-rate (e/e = Z) is 
shown as the solid curve in Figure 4-5. The values of F , were 
calculated by Miller and Sherby from a fit to yield strength data 
[4]. The peaks shown in Figure 4-5 correspond to the solute species 
present in the material. These peaks are in fact analogous to the 
"bell-shaped" bulges described by Heritier et al. [3]. In Figure 
4-6 the curve derived from the simulated model based on equation 
(4.5) is compared to the data available in the literature [4]. 
As it now stands, there is reasonable agreement for the 0.2 percent 
yield strength predictions and the steady state flow stress predic- 
tions as a function of temperature (Figure 4-6) but Miller and 
Sherby [4] report that the simulation underpredicts the room temp- 
erature flow stress by an uncomfortable margin. However, the part 
of the model (F ,) that is responsible for simulating the sudden 
decrease in creep rate (Figure 4-7) is the same part of the model 
that is responsible for simulating the "plateau" in the yield 
strength versus temperature curve (Figure 4-6). The success 1n 
simulating this unusual decrease in creep rate can be Interpreted 
as a verification of the modeling approach. 
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It should be noted that this 1s the only constitutive equa- 
tion that pays any attention to recovery, although It 1s known 
that stress present during recovery has a profound effect on the 
rate of deformation [4].    Hence the fact that one can make meaning- 
ful predictions Incorporating a recovery term into the equation Is 
important.    As it now stands, the model  is trying to physically 
explain observed behavior through a process of mathematical simu- 
lation; it therefore lacks identifiable material constants.   As 
the model  develops, and better constants are available, through 
better data, this problem may be resolved. 
. i 
5.    DEFORMATION MECHANISM MAPS 
The interactive, complex behavior of the various creep defor- 
mation mechanisms that have been discussed in the previous sections 
can be presented on a map with axes of stress and temperature as 
shown by Frost and Ashby [5].    The map, Figure 5-1, is divided 
into fields which indicate regions of stress and temperature where 
each of the various mechanisms are dominant.    Superimposed on the 
fields are contours of constant strain-rate that a given combina- 
tion of stress and temperature will produce.    Thus the map depicts 
the relationship between stress, temperature, and strain-rate.    If 
two of the variables are known, the third can be obtained from the 
map.    It can be seen that if the axes were strain-rate and stress, 
one could obtain constant temperature contours which could prove to 
be useful for Isothermal  tests.    Also, if the axes were strain-rate 
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and temperature, constant stress contours could be obtained.    These 
may be used for comparison of tests at constant stress^   A third 
variation of this form has been developed by Smoak and Not1s [42], 
and Monamed and Langdon [43], who have Introduced a deformation 
mechanism map based on plots of stress versus grain size with the 
temperature being constant. 
All of these maps are constructed from rate-equations.    The 
selection of the proper rate-equation should be based on the sound- 
ness of the physical model  that the equation portrays.    It should 
not be imprecise or too broad to predict exact values.    Most often, 
theory gives' the form of the equation, and experimental data helps 
evaluate the constants that enter the equation.    The advantages of 
this phenomenology is that: 
1. It can handle complicated phenomena more accurately. 
2. It can be used to extrapolate outside the range for 
which data is available, while a purely empirical 
equation cannot. 
The accuracy of the deformation maps depend on the validity of 
the assumptions made and the soundness of the model  used.    For 
example, the internal  structure of a material that undergoes a 
martensitic transformation is bound to change with respect to dis- 
location density; also, atomic volume and Burger's vector will in- 
crease with an increase in temperature.    However, these parameters 
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are usually taken as constant.    According to Frost and Ashby [5] 
the inherent inaccuracy of the maps + 10 percent for a given stress 
level.    It may be higher for the strain-rate and temperature terms. 
A deformation mechanism map for zirconium could prove to be 
quite useful  to a design or maintenance engineer.    For a given set 
of operating conditions he would be better able to evaluate the 
utility of the component and then reduce his conservatism 1n safety 
calculations.    In general, the maps are useful  in a qualitative 
way for choosing a material for applications, for predicting the 
mechanism by which it deforms and hence in selecting or predicting 
the effects of strengthening mechanisms.    To a scientist, they help 
in providing insight and help in the designing of experiments to 
study a given flow mechanism, and in locating, Identifying, and 
characterizing missing mechanisms. 
The actual construction of the maps is done by a computer pro- 
gram which searches incrementally over the stress-temperature field 
to find the strain-rate contours and field boundaries.    The program 
is relatively simple, consisting of a search algorithm and a plot- 
ting routine.    The calculations are done primarily within a DO-loop 
that evaluates the rate-equation for a prescribed set of stress and 
temperature value.    Also, it forms a sum of the contributions to the 
overall strain rate by each of the participating mechanisms and also 
solves for stress as a function of temperature at a constant strain- 
rate.    The algorithm used provides for easy changes In rate equa- 
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tions or their form of interaction. The plotting routine Is ex- 
tremely flexible, and changes in the axes of the maps (say log c 
vs log (0/11)) can be made without much difficulty. 
In constructing the deformation maps, climb-controlled creep 
and diffusional  flow are taken as Independent mechanisms Involving 
*C    different defects.    Therefore their strain-rates add.    On the other 
hand, climb creep and glide involve the same defect (dislocations), 
although they describe different behavior patterns; the overall 
contribution of these two mechanisms is such that the slowest of 
the two processes controls deformation as outlined 1n the first 
section of this thesis. 
In summary, the overall  (net) strain rate of a polycrystal 
subjected to a stressi'a' at a temperature 'T'  is: 
Set = *ideal + diffusion + slowest of Uglide^cl1mb)    (5J) 
In relation to the deformation map shown in Figure 5-1, within a 
field one creep contribution is larger than any other.    The field 
boundary defines the values of 'a' and  'T' at which a switch of 
dominant mechanism occurs.    The contours of constant strain-rate 
are obtained by solving the above equation for V as a function 
of 'V at constant £. 
One of the major difficulties encountered In developing de- 
formation mechanism maps for zirconium was the Inclusion of the o+e 
phase transformation at 862°C.    Hence the deformation maps for 
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a-zirconium (upto 862°C) have been computed with constants found 
1n the literature.    Above 862°C and upto the melting point, B- 
zlrconlum constants have been used to compute a deformation map 
for 6-zirconium.    The two maps have then, been put together manu- 
ally in order to obtain one deformation map for both a and 6 
zirconium including the transformation. 
According to the equilibrium phase diagram for the Zr-Sn sys- 
tem [45] the a-*e transformation temperature 1s influenced only 
slightly by small Sn additions and it 1s not until about 5 wt per- 
cent Sn that a visible (a+B) two phase region appears [45].    How- 
ever, it is observed that the (a+3) two phase region appears to 
widen when ternary additives are made (i.e., 1n»z1rcaloy-4) and 
especially in the presence of an oxygen ambient atmosphere [46]. 
A broad two phase region could complicate the modeling of the de- 
formation processes because of the introduction of a superplastlc 
flow contribution related to the stable two-phase structure [46]. 
Again, for the purpose of simplifying our deformation maps and 
since our work refers to steady state creep in a vacuum or argon 
environment, we have chosen to use the same a-»tf transformation 
temperature for zircaloy-2 as for pure zirconium and we have also 
ignored the presence of a narrow two-phase region. 
The specific values for constants used to compute 
the deformation mechanism maps have been chosen from available lit- 
erature wherever possible.    Some of these are empirically derived 
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to fit the spread permitted by experimental data. In certain 
cases, the values are derived by extrapolation of data and In 
still others values have been assumed based on materials that 
belong to the same group, e.g. titanium. 
In the following section specific choice of values for each 
equation used In the computation for the maps are discussed. 
For equation (4.4) namely: 
es = Cexp(3a)exp {-  (QK + n/a)/RT} 
the values are taken directly from Ardell and Sherby [2].    In 
Model  I (Exclusive Glide Control) the parameters (C, B, Q„ and n) 
are adjusted so that the above equation describes the experimental 
data over the entire range of stress and temperature, Implying 
that creep is controlled exclusively by dislocation glide.    In 
Model  II, the same parameters are adjusted to allow for the possi- 
bility that creep is diffusion-controlled at high stresses but 
glide-controlled at low stresses.    In our computation we have 
assumed that B-zirconium creeps like a normal b.c.c. material, and 
since equation (4.4) was empirically derived specifically for a- 
zirconium, its application for B-zirconium does not arise.    The 
values chosen are listed in Tables 5.1 and 5.2. 
For the semi-empirical  dislocation climb equation (3.3) 
namely: ( 
e
 KT      V 
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Table 5.1    Creep equation parameters for zirconium 
Alpha-Zirconium 
Parameter Model  I Model   II Reference 
C(sec)"1 1.05 x 109 2.5 x 107 [2] 
B(dyne/cm2) 3.1  x 10"9 1.7 x 10"8 [?] 
QK(cal/mole) 50,000 50,000 [2] 
n(cal  dyne/cm2) 1.75 x 1012 1.27 x IO12 [2] 
A N.A.* 1.85 x IO7 [2] 
n N.A.* 4.70 [2] 
D°(cm /sec) 5.9 x 10"2 [47] 
Q£(cal/mole) 52,000 [47] 
y(dyne/cm2) [3.4 x 10" 2.36 x lO^TCC)] [1] 
b(cm) 3.226 x 10"8 [1] 
n(cm3) 2.32 x 10"23 [35] 
W(cm) io-7 [35] 
D°b(cm2/sec) 0.75 [35] 
Qgb(cal/mole) 26,700 [35] 
Ep(sec)"1 10" [5] 
P 0.75 [5] 
q 1.33 [5] 
T (dyne/cm ) 0.2y *1 
AFK(ergs) 0.2ub3 *2 
^(sec)"1 1.0 x 106 [5] 
Model I involves "Exclusive Glide Control" and therefore the dis- 
location climb equation (3.2) does not enter the picture. 
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Table 5.1  (Continued) 
Parameter Model  I Model  II Reference 
TQ(dynes/cm2) ybi/p *3 
p(lines/cm2) 6.25 x 108 *4 
AF(ergs) 0.2yb3 *5 
Beta-Zirconium 
n 4.2 *6 
A 6.03 x 103 [11] 
Dj(l)(cm2/sec) 1.34 [14] 
QA(l)(cal/mole) 6.52 x 104 [14] 
D°(2)(cm2/sec) 8.5 x 10"5 [14] 
Q£(2)(cal/mole) 2.77 x 104 [14] 
y(T)(862°C) 
(dynes/cm2) [3.38 x 10
11 
- 4.1 x 108(T)] *7 
y(after 1200°C) 1.96 x 1011 *7 
b(cm) 6.26 x 10"8 [49] 
n(cm3) 4.7 x 10*23 [49] 
W(cm) 1.0 x 10~7 [35] 
D°b(cm2/sec) 1.34 [23] 
Q°b(cal/mole) 3.91  x 104 [23] 
ep(sec_1) 1011 [5] 
P 0.75 [5] 
q                  ^ 1.33 [5] 
?_(dynes/cm2) O.ly *1 
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Table 5.1  (Continued) 
Parameter Model  I Model II Reference 
AFK(ergs) 0.1 x pb3 *2 
fo(sec)'1 1.0 x 106 [5] 
AF(ergs) 0.1 x yb3 *5 
T (dynes/an2) ub/p *3 
p(lines/cm2) 6.25 x 108 *4 
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Table 5.2   Creep equation parameters for Zircaloy-2 
Alpha-Region 
Parameter Model  I Model 1  II Reference 
C(sec)"1 3.5 x 106 2.88 x 104 *8 
B(dyne/cm2) 1.1 x 10"9 1.20 x IO"8 *8 
0K(cal/mole) 50,000 50,000 [2] 
n(cal dyne/cm2) 1.75 x 1012 1.27 x 1012 [2] 
n N.A.* 4.5 [2] 
A N.A.* 7.00 x 105 [11] 
D°(cm2/sec) 12.6 [47] 
(^(cal/mole) 64,300 [47] 
y(T)(dynes/cm2) [3.4 x 10" 2.36 x 108T(C°)] [1] 
b(cm) 3.226 x 10"8 [49] 
n(cm3) 2.32 x 10"23 [35] 
W(cm) io-7 [35] 
°gb 17.5 [35] 
Qgb 42,500 [35] 
ep(T)(sec-1) 10" [5] 
P 0,75 [5] 
q 1.33 [5] 
T (dynes/cm2) 0.2u *1 
AFK(ergs) 0.2yb3 *2 
e0(sec)_1 106 [5] 
IT 
Model I involves "Exclusive Glide Control" and therefore the dis- 
location climb equation (3.2) does not enter the picture. 
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Table 5.2 (Continued) 
Parameter Model  I                Model II                  Reference 
AF(ergs) 0.2yb3 *5 
TQ(dynes/cm2) \ib/p *3 
p 6.25 x 108 *4 
Beta-Region 
n 4.1 *9 
A 4.01 x 104 [11] 
D°(l)(cm2/sec) 1.34 [14] 
Q4(l)(cal/mo1e) 6.52 x 104 [14] 
D°(2)(cm /sec) 8.5 x 10"5 [14] 
QJl(2)(cal/mole) 2.77 x 104 [14] 
b(cm) 6.26 x 10"8 [49] 
n(cm3) 4.7 x 10"23 [49] 
W(cm) 1.0 x 10"7 [35] 
D°b(cm2/sec) 1.34 [23] 
Qgb(cal/mole) 3.91  x 104 [23] 
ep(sec_1) 10" [5] 
P 0.75 [5] 
q 1.33 [5] 
T (dynes/cm2) O.lw *1 
AFK(ergs) O.lyb3 *2 
e0(sec_1) 106 [5] 
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Table 5.2 (Continued) 
Parameter ■Model I Model  II Reference 
AF(ergs) O.lpb3 *5 
TQ( dynes/cm2) ub»^p" *3 
p(lines/cm2) 6.25 x 108 *4 
*1 Frost and Ashby [5] have shown that the value of Tp will dif- 
fer by some appropriate Taylor factor depending on the crystal 
structure and slip systems involved. For h.c.p. metals It Is 
0.2y and for b.c.c. metals it is O.ly. See Text. 
*2 Frost and Ashby [5] have shown that AF« directly reflects the 
nature and strength of the interatomic forces: these are to 
be determined by fitting equation (3.6) to experiment. How- 
ever due to lack of available data values typical of h.c.p. 
metals (0.2yb3) and b.c.c. metals (O.lyb3) are chosen. See 
Text. 
*3 The value of T0 is the flow stress in the absence of thermal 
activation. Frost and Ashby [5] suggest noting the simplified 
form presented above. 
*4 p specifies the degree of work-hardening. Zirconium 1s nor- 
mally rolled before use and the value chosen corresponds to 
it. 
*5 Frost and Ashby [5] have shown that the value of AF depends on 
the strength of the obstacles. A classification of the obsta- 
cles is given in the text. a-Zr is normally rolled and hence 
the value of AF chosen corresponds to that of obstacles such 
as forest dislocations whereas the value for e-Zr (b.c.c.) 
corresponds to that of isolated solute atoms and Pelerls 
barriers. 
i 
*6 Values calculated from experimental data given in [22]. 
*7 A linear extrapolation of the shear modulus obtained from 
Koster [48] leads to negative values. Hence after 1200°C, 
a constant value of 1.96 x 10" dynes/cm2 has been used for 
the computation of the maps. 
*8 Values calculated from experimental data given in [2]. 
*9 The value chosen corresponds to the value of e-titanium [56]. 
See Text. 
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X 
The dimensional material parameters A and n have been taken from 
Ardell and Sherby [2] (see Figure 4-2) for a-zlrconlum.    In the 
case of B-zirconium the value of 'n' has been taken from H. N. 
Chung et al. [22].    The corresponding value of A Is then calcu- 
lated from the following equation: 
log1QA = -10.5 + 3.4n (5.2) 
as put forth by Stocker and Ashby [11]. 
The lattice diffusion constants for a-zirconium used 1n the 
above equation are Interpreted from the data of Lyashenko et al. 
[47], whereas the diffusion constants for B-z1rcon1um are taken 
from Kidson [14].    Kidson [14] has been able to explain the 
anomalous lattice diffusion of B-zirconium 1n terms of two lattice 
diffusion coefficients D°(l) and D°(2).    The values are as listed 
in Tables 5.1 and 5.2.    The total diffusion rate is then given as: 
D = D-j + D2 
The shear modulus and Burger's vector values 1n the case of 
a-zirconium are taken directly from Knorr and Notis [1].    The 
shear modulus for B-zirconium is shown to vary linearly with temp- 
erature by Koster [48]; but a linear extrapolation leads to nega- 
tive values after 1200°C and hence a constant value of 1.96 x 10M 
dynes/cm2 has been used for the computation of the maps beyond 
1200°C.    The Burger's vector value has been taken directly from 
the Reactor Handbook [49]. 
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Values for the parameters 1n the Coble creep equation (3.2) 
namely:    Db and W, are experimental  values taken from Bernstein 
[35] for o-zirconium and the a-reg1on of zlrcaloy-2.    For e-z1r- 
conium Kidson [14] has shown that D°(l) is associated with lattice 
diffusion.    The values used for the grain boundary diffusion con- 
stants are assumed as follows: 
Qgb = 0.6Q°(1) 
\0     =   nO 
"Sb-ajO) 
For e-zircaloy, the values are assumed to, be the same as for B-z1r- 
conium.    The values of ft and Burger's vector are obtained from the 
Reactor Handbook [49]. 
Finally, the values for the parameters in the high tempera- 
ture  dislocation glide equations (3.6) and (3.7) are taken from the 
work of Frost and Ashby [5].    The values chosen for o-zirconlum 
are values typical of h.c.p. materials, whereas the values for 
3-zirconium are typical of b.c.c. materials. 
Frost and Ashby [5] have shown that the value of T , the flow 
stress at 0°K, in the rate equation (3.6) will differ by some ap- 
propriate Taylor factor (M) between single crystals and polycrys- 
talline samples.    The proper value should depend on the crystal 
structure and slip systems involved.    Various calculations of the 
Taylor factor [5] show that typical values of T_ for b.c.c. metals 
is O.ly and 0.2p for h.c.p. metals. 
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The atomic structure enters equation (3.6) via AF^, Helmholtz 
free energy of an Isolated pair of kinks, which directly reflects 
the nature and strength of the Interatomic forces [5].    Ideally 
these are to be determined by fitting equation (3.6) to experi- 
mental values.    However, due to a lack of available data, values 
typical of b.c.c. and h.c.p. materials have been chosen: 
AF^ (for a-z1rcon1um) = 0.2yb- 
and 
AFK (for 3-zirconium) = 0.1yb3 
The values of T   and AF in equation (3.7) are obtained from 
Frost and Ashby [5].    AF is the total  free energy required to over- 
come the obstacle without aid from external  stress.    Frost and 
Ashby [5] have classed the obstacles as follows: 
Obstacle Strength AF Example 
Weak <0.2yb3 Isolated solute atoms; 
Pelerls Barriers. 
Medium ~0.2yb3 Forest dislocations; 
radiation damage. 
Strong >yb3 Dispersions; most pre- 
cipitates. 
For h.c.p. a-Zr, since the material is normally cold worked, 
a value of 0.2ub3 has been chosen.    In the case of b.c.c. 3-zir- 
conium a value of 0.1ub3 has been used in the computation of the 
maps. 
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The data for z1rcaloy-2 is more freely available from the lit- 
erature as shown 1n Tables 5.1 and 5.2.    The values chosen are 
typical of those available.    The values of n and A In equation (3.3) 
for the B-z1rcaloy region are assumed to be the same as for B- 
zirconlum.    In addition the values for the material  parameters C 
and e in equation (4.4) are obtained by back calculations from ex- 
perimental data. 
6.    EXPERIMENTAL PROCEDURE 
To prove (or disprove) the validity of a model, it Is neces- 
sary to compare the experimental and theoretical  values.    The de- 
formation maps may be used as a visual means to display this com- 
parison.    The experimental data is plotted on the same axes, and 
the parameters are adjusted in a logical manner until the map 
matches experiment (within the accuracy of the experiment).    In 
the maps shown, most of the adjustments were made mainly with 'n' 
and 'A'  in the dislocation climb equation.    Also, the parameters 
in the obstacle-limited glide equation needed to be adjusted. 
All the available data is converted to tensile stress for plotting 
and comparison purposes. 
Although there is a substantial amount of creep data for a- 
Zr in the literature, there is no data available for B-Zr (except 
for Chung, Garde and Kassner [22] who have recently generated data 
for zircaloy).    It was therefore decided to perform creep experi- 
ments on pure B-Zr In order to test the validity of our maps. 
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Zirconium of 98.5 percent purity was obtained from Teledyne 
Wah Chang Company, Albany, Oregon, 1n the form of bars. / A spectro- 
scopic analysis of the sample provided by the supplier showed that 
it has the following composition (wt%): 
Zr + Hf >99.2 
Zr >98.5 
Fe + Cr 0.10 max. 
N .003 max. 
C 0.017 max 
Hf 0.009 max 
Material of a higher purity was not purchased, because the purer 
material tends to recrystallize (even after annealing) after a 
few percent strain [2]. 
Compression creep tests were performed under constant stress 
conditions using equipment previously described by Krishnamachari 
[50]. This apparatus is capable of achieving temperatures as high 
as 1200°C; the load was applied through a lever arm and the stress 
was estimated to vary by no more than 5 percent. The extension of 
the specimen during creep was measured by means of a Linear Varia- 
ble Differential Transformer (LVDT) with Its movable core attached 
to the upper linkage of the stress application system. The output 
from the LVDT was rectified and fed by means of an electronic cir- 
cuit that allowed the output to be placed conveniently on any of 
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the three ranges of an automatic recorder having an accuracy of 
+1  percent.    The specimen temperature was measured by means of a 
thermocouple placed close to the center of the specimen.    The 
temperature was controlled to within +1°C during the actual ex- 
periment. 
The type of test procedure employed was one Involving changes 
in stress at constant temperature.    Due to the high oxidizing ten- 
dency of zirconium, the tests were conducted in an atmosphere of 
argon. 
Chung, Garde, and Kassner [22] have shown that in contrast to 
the a-phase, the 3-phase exhibits considerable grain growth which 
is not dependent on the oxygen concentration.    The rapid grain 
growth in the B-phase can be attributed to the large dlffuslvlty 
associated with the body-centered cubic lattice.    At 1350°C the 
grains achieve a stable size in 15-20 minutes.    This required 
heating the sample to a constant temperature approximately 100°C 
above the test temperature for about an hour, so that a stable 
grain size is obtained.    The temperature 1s then lowered to the 
test temperature and the experiment conducted. 
The specimens with excellent surface finish were prepared by 
using a diamond saw.    Creep specimens were in the shape of upright 
rectangular prisms approximately 0.1" x 0.1" x 0.2" high.    All  the 
specimens were chemically etched prior to the annealing treatment 
to remove surface contamination.    The etching solution consists 
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of 45 parts HNO3, 30 parts H20, 15 parts H202 and 8 to 10 parts 
HF [2]. 
During the tests, the specimen was crept until the establish- 
ment of a well defined steady state, £j at o^, (which normally 
took about 20 minutes) whereupon the load was Increased to a new 
value, e2 at a2, and the test continued. The same procedure was 
followed for as many steady state rates as could be obtained from 
one specimen. The stress exponent, n, could be evaluated from the 
incremental stress tests using the expression: 
n = d log e/d logo (6.1) 
This expression may be derived quite easily from the assumed rela- 
tion e = Ko . 
The specimens were prepared for metallographic examination in 
the usual manner. This consists of mounting the specimens In 
bakelite molds, followed by grinding through 4/o emery paper. This 
was followed by polishing down to Linde B, whereupon the specimens 
were chemically etched with the solution mentioned earlier. The 
grain size before and after the experiment was measured [51] to 
determine if there was any grain growth during the testing. A 
typical photomicrograph of the structure of a specimen after creep 
1s shown in Figure 6-1. Values of grain size ranged from -60pm 
for the as-received material and between 65-72ym after creep. 
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F1g.(6.l) - Typical Photomicrograph of Zirconium After Creep 
at 985°C. Average Grain Size = 68 ym. Note that 
the Increase 1n Grain Size from the As-received 
Material («60 \m)  1s Fairly Small. 
56 
n 
The Increase In grain size for the tested material Is 
approximately 5 microns for a specimen having a grain size of 
60 microns. This Indicates that heating the specimen to 100°C 
above the test temperature, maintaining it at that temperature 
for 20-30 minutes, and then lowering the temperature to the test 
temperature is a suitable method for preventing an Increase 1n 
grain size during creep testing. A tabulation of the experimental 
creep results is. presented in Appendix I. 
Measurements are made of the Increments AS. of elongation 
which are produced by successive additions of the total tensile 
load. The total true strain (e) are obtained by using 
L -AX, 
e = in [-2 ] 
0 
where 
LQ = the original length of the test specimen 
AS. = the incremental decrease in length 
The strain rate is then calculated by using the following formula: 
e2"el 
= e V*i 
where 
e-j = the true strain observed at time t-j 
eg = the true strain observed at time t« 
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7. DISCUSSION 
Deformation maps for zirconium are plotted at three grain 
v. 
sizes, 10, 60, and 300 microns 1n Figures 7-1 to 7-3. These grain 
sizes were chosen because experimental data exists at these grain 
sizes to compare against computer-generated maps. These maps In- 
clude regions for both a- and B-Zr as outlined In Section 5. A 
summary of the experimental data used 1s also presented 1n tabular 
form along with each figure. 
In Figures 7-2A and 7-2B the experimental data of Bernstein 
[35] have been Included. The number corresponding to each point 
is the logarithm of the experimentally observed creep rate. The 
experimental strain rates are in better agreement with the rates 
predicted oh the map at each particular condition of stress and 
temperature for the "Mixed Glide plus Climb" model, than the 
"Exclusive Glide" model. A dominant Coble creep contribution Is 
predicted at low stresses in the deformation map for this grain 
size (60 microns) and has been substantiated by Bernstein [35]. 
A dominant Coble creep regime is not observed for similar experi- 
mental stress conditions at a grain size of 300 microns. 
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Figures 7-3A and B ALPHA-ZIRCONIUM 
Experimental creep data at 
300 microns grain size 
Homologous 
Temperature 
Log o 
MPa e(Sec_1) Log e Ref. 
0.470 0.938 1.5x10"* -5.82 [52] 
0.470 0.838 1.8xl0"7 -6.74 [52] 
0.493 0.838 8.3xl0"7 -6.081 [52] 
0.456 1 .018 2.0xl0"6 -5.699 [52] 
0.508 1 .018 1.OxlO'4 -4.0 [52] 
0.456 1.168 3.OxlO"5 -4.523 [52] 
0.493 1.168 3.OxlO"4 -3.523 [52] 
0.508 1 .258 2.OxlO"3 -2.699 [52] 
0.456 1.398 6.OxlO"4 -3.222 [52] 
0.470 1.398 1.5xl0"3 -2.824 [52] 
0.493 1.398 4.OxlO"3 -2.398 
0.470 1 .578 l.OxlO"2 -2.0 [52] 
0.385 0.988 1.4xl.O"8 -7.85 [2] 
0.385 1 .138 l.OxlO"7 -7.00 [2] 
0.385 1.418 l.OxlO*5 -5.00 [2] 
0.399 1 .348 5.6xl0"6 -5.252 [35] 
0.315 1.698 1.OxlO"7 -7.00 [35] 
0.372 1.198 3.6xl0"8 -7.444 [35] 
0.372 1 .348 5.6xlO"7 -6.252 [35] 
0.292 1.828 4.2xl0"8 -7.377 [35] 
0.412 0.978 2.OxlO"8 -7.699 [35] 
0.412 1.108 2.8xl0"7 -6.552 [35] 
0.490 0.978 5.6xl0"6 -5.252 [35] 
0.455 1.108 5.6xl0"6 -5.252 [35] 
0.341 1.538 1.4xl0"7 -6.854 [35] 
0.315 1.828 l.lxlO"5 -4.959 [35] 
0.250 1.928 3.OxlO"8 -7.523 [35] 
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In the case of maps for a grain size of 300 microns (Figures 
7-3A and 7-3B), there 1s good agreement between experimental data 
and the computed maps.    It 1s Interesting to note that the con- 
stants for the dislocation creep equations are obtained from the 
data of Ardell and Sherby [2] at quite high temperatures, yet the 
data of Ardell as quoted 1n Bernstein [35] 1s 1n agreement with 
the deformation map at lower temperatures.    This 1s true for both 
models, although a better fit Is obtained In the case of "Mixed 
Glide and Climb" model. 
The data points attributed to Gilbert et al. [52] are In ex- 
cellent agreement except at very high stresses and/or low tempera- 
tures.    Data below approximately 0.27 TM do not agree well with 
map predictions; this may be attributable to the temperature ef- 
fect on the diffusion coefficient which becomes small and thus 
causes the Ardel1-Sherby model  to break down. 
In Figures (7-2A and 7B) experimental creep data for B-Zr 
that was generated |tn the laboratory at temperatures ragging from 
975°C to    1040°C are^included.    The superimposed data yields a 
good approximation to the predictions of the maps. 
Alloying elements are often added to zirconium in order to 
improve corrosion resistance.    In theory, the deformation median- 
isms of zirconium can be applied to zircaloy-2 (1.5 wt% Sn, 0.14% 
Fe, 0.10% Cr, 0.05% Ni, balance Zr).    Therefore, 1f similar model- 
ling is used, the same constitutive equations can be used by 
explicitly using new material constants that account for the alloy- 
68 
ing effects.    The appropriate values are as listed In Table 5.2. 
Maps of grain size 10 and 60 microns are shown 1n Figures 
7-4 and 7-5.    It can be seen that 1t has the same dominant mech- 
anism regions and general  shape as the map for zirconium.    Experi- 
mental data points of Bernstein [35] and Duncombe and Busby [53] 
are plotted on the map for a grain size of 10 microns.    The agree- 
ment v/ith Bernstein's data for both models is excellent as ex- 
pected; since several constants are derived from this data.    The 
high stress steady-state data of Duncombe and Busby [53] falls In 
the correct region, but the strain rates change too fast for 1t to 
be a good fit.    A plausible explanation is that there is a break- 
down of the climb-controlled dislocation creep region as the high 
stress dislocation glide region is approached. 
Data of Chung et al.  [22] has been plotted on the maps for 
zircaloy-2 in the e-region.    Although it falls in the correct re- 
gion (diffusional creep) it does not conform to the predictions of 
the map.    The strain-rates are off by over about two orders of 
magnitude, as can be seen in Figures 7-4A and B. It is surprising 
v. 
that the experimental data is considerably faster than that pre- 
dicted. 
The deformation maps at constant grain size for the two ma- 
terials zirconium and zircaloy-2, show several  similarities.    One 
noticeable difference is in the Coble diffusional regime.    Compar- 
ing the deformation maps at 10 microns grain size (Figures 7-1 and 
(7-4), equivalent creep rates for zircaloy-2 (Figure 7-4) appear to 
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be shifted to higher stresses or to higher temperatures within 
this regime, thus at a homologous temperature of 0.4 TV., a creep 
-7       -1 rate of 10     sec     occurs at a stress level about two orders of 
magnitude higher in zircaloy-2 than In zirconium.    A similar com- 
parison may be noted at 60 microns (Figures 7-2 and 7-5).    Another 
interesting difference lies in the position of the boundary be- 
tween Coble and Nabarro-Herring creep regimes.    The boundary shifts 
to the right for zircaloy-2 as compared to zirconium for grain 
sizes of 10, 60 microns.    These effects are attributable to the 
difference in grain boundary diffusion coefficient since the grain 
boundary diffusion activation energy (Qa^) is larger and the re- 
sulting diffusion coefficient is smaller in zircaloy-2 at a given 
temperature.    The higher activation energy is due to the addition 
of tin in solid-solution, a result reported by Lyashenko et al. 
[47]. 
8. CONCLUSIONS 
1. Deformation mechanism maps provide a good method for 
plotting creep behavior of a material over a wide range of stresses, 
temperatures and strain rates. This is because experimental data 
points can be plotted on the maps to test the validity of the 
models which are used. The maps provide a means for quantatlvely 
expressing the behavior of the material while at the same time 
increasing our physical understanding of the mechanisms Involved. 
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Also, complex deformation behavior such as that demonstrated by 
dislocation glide (Peierls and Obstacle) can easily be Incorpora- 
ted Into these deformation maps. 
2. The models of Ardell and Sherby for dislocation creep 
(Mixed Glide and Climb, and Exclusive Glide) of alpha-zirconium 
yields a good approximation for creep behavior. The experimental 
data, however, of several Investigators when superimposed on the 
computed maps fit the "Mixed Glide and Climb" better than the 
"Exclusive Glide" model. Two plausible explanations for it, may 
be considered: 
a) If the temperature is greater than 0.5 T^ and the 
stress is high enough, the number of operative 
slip systems in the case of h.c.p. metals Increases, 
so that glide becomes an easier process than climb. 
b) When looking a,t the experimental results of Ardell 
and Sherby, one observes that the value of 'n' 1n 
the dislocation climb equation approaches 5.0 from 
7.4 at high stress levels (see Figure 4-2) leading 
to lower climb rates. Thus, above a certain stress 
level glide controlled creep becomes faster than 
diffusion controlled creep and glide 1s no longer 
rate controlling, whereas at low stresses the 
reverse is true. 
> 
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3. Phase transformations may be Incorporated Into the maps 
as demonstrated for the case of the o*e transformation 1n zircon- 
ium. 
4. For B-Zr, experimental data of Chung, Garde, and Kassner 
fits the predictions of the map within a reasonable degree of ac- 
curacy. Our own data when superimposed on the maps yields a good 
approximation to validate the predictions of the computed maps. 
5. Comparison of the maps for zirconium and z1rcaloy-2 dem- 
onstrates that, especially in the Coble creep regime, at a given 
condition of stress and temperature, the creep resistance of 
zircaloy-2 is significantly better than zirconium. 
6. A study of the intermediate temperature models of Herltler 
et al. [3] (athermal creep) and Miller and Sherby [4] (solute drag) 
shows that the models are as yet inadequate to be Incorporated In- 
to the deformation mechanism maps. The athermal model is "patchy" 
due to a lack of sufficient data and the solute drag model, being 
simulated lacks identifiable physical constants. 
9. SCOPE FOR FURTHER WORK 
As mentioned earlier, an important mechanism which should be 
included in the deformation mechanism maps to complete the picture 
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of creep deformation of zirconium occurs at intermediate tempera- 
tures between 550-800°K.    The research work being conducted to 
arrive at an applicable constitutive equation Incorporating Identi- 
fiable physical constants is at present rather Involved and complex. 
The equation presented1 for "athermal" creep by Her! tier et al.  [3] 
is 
ta-# (9.1) 
where 
y = shear modulus 
b' = Burger's vector 
f = a geometrical  constant, which is related to 
the shape of the obstacle 
r = dislocation segment length 
xa = athermal stress 
Both f and r have a range of values and depending on the 
values chosen, a band on the stress-temperature deformation map 
will be produced.    However, the suitability of the equation and 
its effectiveness in predicting a deformation map compatible with 
experimental values, needs to be examined. 
It has been known that texture does influence the creep rate 
of a material.    The degree of texture induced by cold working 
zirconium is associated with the degree of alignation of the h.c.p. 
basal poles of zirconium crystals.    The degree of alignation and 
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its influence on creep properties has been studied by a limited 
number of authors [54,55]. Kallstron et al. Q>7] have determined 
that the creep rate is lower in the transverse direction than in 
the longitudinal direction. Also, more radial basal poles give 
lower creep strength than transverse basal pole alignation. They 
have also attempted to develop an equation that will quantitatively 
measure the effects of texture. However, how this equation can be 
included in normal creep equations deserves a closer examination. 
It may be argued that the texture effect is small in comparison to 
the effects of cold working and annealing. However small the 
effects may be, they are measurable and certain crucial parts of a 
reactor definitely do need extremely accurate designing criteria. 
Finally, irradiation creep is probably the most important 
mechanical property that deserves attention. If one can model the 
deformation due to irradiation alone it would be of Immense value/ 
Nichols has attempted to characterize irradiation affects In the 
temperature and stress range of importance to a nuclear reactor. 
The effect of neutron irradiation at temperatures less than 
300°C on the mechanical properties of zirconium and its alloys 1s 
largely dependent on the specific conditions of the experiments. 
For example, some experimental tests have shown a decrease In 
creep rate, while others have indicated an increase in creep rate. 
Theoretically, it would seem that neutron irradiation will enhance 
creep rates, simply because of the fact that vacancies and Inter- 
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stitlals are produced during Irradiation.    However, diffusion Is 
not the dominant mode of deformation at low temperatures, which 
means an alternative mechanism may have a greater Influence on the 
creep rate.    This introduces the question of increasing the diffu- 
sion rate by some means (by irradiation 1n this case) such that 
it is equal  to or greater than the value normally obtained at 
T>0.5 T|YJ, so that diffusion controlled creep may be dominant. 
The flux level required to yield enhanced diffusion rates can 
be roughly estimated to be -1014 nv (>1 MeV)  (Schock, et al.  [37]). 
This value is important because it is at this level that neutron 
irradiation first begins to have an effect on the diffusion rate. 
For example, Holmes et al. [38] have conducted tests on cold-worked 
zircaloy to estimate differences in in-pile and out-of-plle creep 
rates.    The tests were conducted at relatively high temperatures 
and stresses, but low neutron flux levels.    Consequently, the 
thermal creep rates were high and the effects of radiation enhanced 
creep were low.    The results proved to be inconclusive as the In- 
vestigators [38] could notice no significant difference. 
In addition to the question of what effect irradiation will 
have on normal (or thermal) creep mechanisms, the possibility exists 
of radiation creep mechanisms completely unrelated to thermal creep 
and operating quite independently.    One such model has been proposed 
by Roberts and Cottrell  [39] to account for radiation creep of 
alpha-uranium over the regime where radiation growth (i.e. dlmen- 
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sional change without an applied stress) 1s observed to occur. 
Zlrcaloy also shows radiation growth (Nichols [40] et al.) so 
that the Roberts-Cottrell  [38] mechanism may apply for It. 
A reasonably accurate model for this phenomena has been pro- 
posed by Nichols [41]. The approach 1s semi-empirical and satis- 
fies observed experimental  data within a comfortable margin. 
At low stress levels, in-pile creep at reactor temperatures 
appears to coincide approximately with out-of-plle creep tests at 
the same temperature and stress.    Therefore, the author [41] 
assumed that during irradiation the total observed creep rate at 
low stresses is the summation of that which would occur out-of-p1le 
(thermal), plus an irradiation growth term, plus an Independent 
radiation creep rate.    In bdth the low-stress and high-stress re- 
gimes, the strain rate can be expressed as: 
lJ = £th + ^IRRAD 
where 
ej = total in-pile creep rate 
et^ = thermal creep rate 
*IRRAD = (A + Ba)* 
A, B = constants = f(T,e, structure, texture) 
a = applied stress 
<t» = fast neutron flux (>lMeV) 
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At low stresses the first term Uth) Is small and the second 
term dominates; at high stresses, etn dominates. 
In the intermediate stress region, the irradiation contribu- 
tion to the total strain rate includes a third term and is given 
by: 
e 
IRRAD  *    a»      (8/?)hu3KT 
where 
J 
, C ■ = constant 
x  = average spacing between barriers 
D*   = in-pile diffusion coefficient 
Dth = tnerma^ diffusion coefficient 
N = rate of vacancy production due to flux 
X2 = root mean square distance between sinks 
h = the height of barrier to dislocation motion 
y = shear modulus 
In this intermediate stress range Nichols includes both the thermal 
and irradiation components in a complex series-parallel combina- 
tion form.    For the purpose of the present maps we have Ignored 
this more complex approach. 
More work in this direction wi]l be of definite usefulness 
to nuclear and design engineers. 
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APPENDIX I 
Tabulation of Experimental Creep Data 
for 6-Zfrconlum 
Table A.1 
ZR#1 Conditions (t) 
Test temperature = 1000°C = 0.596 TM 
Annealing temperature = 1050°C 
Time at annealing temperature » 20 mins. 
Temperature fluctuation = +1°C 
Stabilizing time at test temp = 2% hours 
Initial grain size = 58 microns 
Final grain size = 60 microns 
+
 All the data, presented here is in the F.P.S. system. This has 
been done in order to avoicUa loss of accuracy in converting to the 
S.I. units. However the output is dimensionless and hence there Is 
no effect on the data presented in the Deformation Mechanism Maps. 
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Table A.2 
ZR#2 Conditions  (t) 
Test temperature = 1040°C = 0.615 TM 
Annealing temperature = 1100°C 
Time at annealing temperature = 20 mins, 
Stabilizing time at test temp = 50 mins. 
Temperature fluctuation = +1°C 
Initial  grain size = 58 microns 
Final grain size = 65 microns 
&' 
'All the data presented here is in the F.P.S. system. This 
has been done in order to avoid a loss of accuracy in converting to 
the S.I. units. However the output is dimensionless and hence there 
is no effect on the data presented in the Deformation Mechanism 
Maps. 
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Table A.3 
ZR#3 Conditions (t) 
Test temperature = 1030°C 
Annealing temperature = 1070°C 
Time at annealing temperature = 20 mins. 
Temperature fluctuation = +1°C 
Stabilizing time at test temp = 30 mins. 
Initial grain size = 58 microns 
Final grain size = 76 microns 
4. 
All the data presented here is in the F.P.S. system. This has 
been done in order to avoid a loss of accuracy in converting to the 
S.I. units. However the output 1s dimensionless and hence there 1s 
no effect on the data presented in the Deformation Mechanism Maps. 
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Table A.4 
ZR#4 Conditions (t) 
Test temperature = 985°C 
Annealing temperature = 1050°C 
Time at annealing temperature = 20 mins. 
Temperature fluctuation = +1°C 
Stabilizing time at test temp = 30 mins. 
Initial grain size = 58 microns 
Final grain size = 61 microns 
All the data presented here is in the F.P.S. system. This has 
been done in order to avoid a loss of accuracy in converting to the 
S.I. units. However the output is dimensionless and hence there Is 
no effect on the data presented in the Deformation Mechanism Maps. 
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J 
Table A.5 
ZR#5 Conditions (t) 
Test temperature = 975°C 
Annealing temperature = 1055°C 
Time at annealing temperature = 20 mins 
Temperature fluctuation = +1°C 
Stabilizing time at test temp = 30 mins 
Initial grain size = 58 microns 
Final grain size = 65 microns 
All the data presented here is in the F.P.S. system. This has 
been done in order to avoid a loss of accuracy in converting to the 
S.I. units. However the output is dimensionless and hence there Is 
no effect on the data presented in the Deformation Mechanism Haps. 
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Table A.6 .r 
ZR#6 Conditions (t) 
Test temperature = 1000°C  r~ 
Annealing temperature = 1055°C 
Time at annealing temperature = 20 mins 
Temperature fluctuation = +1°C 
Stabilizing time at test temp = 30 mins 
Initial grain size = 58 microns 
Final <jrain size = 65 microns 
V., 
J
, 
t, 
'All the data presented here is in the F.P.S. system. This has 
been done in order to avoid a loss of accuracy in converting to the 
S.I. units. However the output is dimensionless and hence there 1s 
no effect on the data-presented in the Deformation Mechanism Maps. 
r 
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